Recently we described a full-length cDNA for the human nuclear enzyme poly(ADP-ribose) polymerase. Here, we report the chromosomal localization and partial map of the human gene for this enzyme as well as the complete coding sequence for this protein. The nucleotide sequence reveals a single 3042-base open reading frame encoding a protein with a predicted Mr of 113,135. A comparison of this deduced amino acid sequence with the amino acid sequence of three peptides derived from human poly(ADP-ribose) polymerase revealed a match of 27 amino acid residues. A computerderived structural analysis of the enzyme and a search for similarities with other proteins confirmed that the polymerase belongs to a subfamily of DNA/NAD-binding proteins and DNA-repair proteins. Possible Zn2+-binding "fingers," a nucleotide-binding fold, and a nuclear transport signal were noted. Additionally, chromosomal mapping has identified polymerase-hybridizing sequences on human chromosomes 1 (the active gene), 13, and 14 (processed pseudogenes). Using the polymerase cDNA as a probe, we also have detected several DNA restriction fragment length polymorphisms in normal humans.
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Considerable work in the past few years has centered on the possible role of the nuclear enzyme, poly(ADP-ribose) polymerase, in modulating the DNA replication/repair processes of mammalian cells (1) . This enzyme uses NAD as a substrate in the formation of poly(ADP-ribose) chains at sites on many nuclear proteins. The enzyme binds tightly to DNA and requires DNA strand breaks for enzymatic activity (2) . Since cells carrying a mutated polymerase are not yet available, a reasonable approach to answering questions about the biochemical and biological functions of this protein is through gene cloning. We have described (3) the cloning of poly(ADPribose) polymerase cDNA from a phage Xgtll library. This 1.3-kilobase (kb) insert was used in both hybrid-selection and arrest studies to confirm the identity of the partial cDNA. Subsequently, a 3.7-kb full-length cDNA contained in the Okayama-Berg expression vector was isolated, and transfection with this recombinant plasmid caused significant levels of transient polymerase expression in COS cells (3) . The hyperexpression of this cloned cDNA in COS cells was also shown to increase the ability ofthese cells to repair DNA lesions caused by y radiation (unpublished data). These results suggest that this gene encodes a protein that is functionally involved with DNA repair in eukaryotic cells. A partial polymerase cDNA clone has recently been reported by Suzuki et al. (5) .
The enzyme is composed of three functionally distinct regions, an NH2-terminal DNA-binding domain, a central automodification domain, and a COOH-terminal NAD-binding region (6) . We now report the DNA § and amino acid sequences of this enzyme and a structural analysis of its domains.
We also used various regions of the poly(ADP-ribose) polymerase cDNA as probes to chromosomally map the human gene for this nuclear enzyme by Southern analysis of DNAs isolated from human-rodent somatic cell hybrids. The results provide a molecular basis for studying the structure and expression of poly(ADP-ribose) polymerase at both the nucleic acid and protein levels.
MATERIALS AND METHODS
Purification of Peptides for Solid-Phase Sequencing. Purified human polymerase (40-50 ,g) was pelleted, dissolved in 2 M urea, and digested with endoproteinase Lys C, 1:100 (wt/wt) at 37°C for 8 hr as described (7) . The peptides were separated on a Vydac C18 reverse-phase HPLC column, and selected peptides were sequenced by the solid-phase procedure (8) .
DNA Sequence Analysis. The full-length cDNA was subcloned as overlapping DNA fragments into phage M13 mpl8 and mp19. Sequencing reactions were carried out with 35S-substituted adenosine 5'-[y-thio]triphosphate (ATP- [9y55]) by the dideoxy chain-termination method (9) . Alternatively, restriction fragments were end-labeled and sequenced by the method of Maxam and Gilbert (10) . Sequence similarity analysis was performed with the National Biomedical Research Foundation programs. Statistical significance (i.e., Z values) of potentially related sequences was determined by the method of Lipman and Pearson (11) . Secondary structure and hydropathic analysis was based on established methods (12, 13) .
Chromosomal Location Studies. The isolation and characterization of the human-rodent hybrids have been described (14) . In general, hybrid cell lines were characterized by standard isoenzyme analyses, which distinguished all chromosomes except Y. Hybrid cell lines were also characterized by Southern analysis of the DNAs with probes that had been localized to specific chromosomes and by karyotyping in some cases. DNA was isolated from each hybrid cell line digested with EcoRI, size-fractionated by 0.7% agarose gel electrophoresis, transferred to nylon membranes, hybridized, and washed as described (14) . Restriction-fragmentlength polymorphism (RFLP) was determined from DNAs (Fig. 1) . The nucleotide sequence of the polymerase cDNA is shown in Fig. 2 (17) . There is a relatively high percentage of lysine and glutamic acid residues that are nonrandomly distributed within the protein (Fig. 3) (6) is similar in amino acid composition to the DNA-binding region.
To confirm the identity of the single long ORF as the correct frame, a comparison was made between the deduced amino acid sequence and the sequence of three polymerase peptide fragments obtained as described. Perfect matches for oligopeptides 2 and 3 (see Fig. 2 , solid lines) were observed, while five of seven residues matched oligopeptide 1. Computer-Derived Structure Predictions for Human Poly-(ADP-Ribose) Polymerase. In agreement with an analysis of the CD spectrum of the calf thymus enzyme (7, 16) turn-helix units (centered at residues 82, 97, 230, and 257), characteristic of some DNA-binding proteins (18) . Hydropathic analysis ( Fig. 3) for the polymerase predicts a protein with low hydrophobic character. One feature is the prediction oftwo hydrophilic domains between residues 433 and 448 and between 484 and 521 with a central hydrophobic element (residues 449-483). This region encompasses the automodification domain of the polymerase. Interestingly, the hydrophilic sections contain an unusually high amount oflysine and glutamic acid residues (38% lysine/31% glutamic acid and 20% lysine/17% glutamic acid, respectively). Since these hydrophilic elements are probably accessible to modification and contain a high percentage of glutamic acid residues that participate in protein ADP-ribose linkages, it is possible that automodification is largely restricted to these elements. This speculation is consistent with data indicating that automodification occurs at -15 sites (19) . Homology to Other Proteins. Sequence similarity comparison of the polymerase with the National Biomedical Research Foundation's protein data bases revealed no extensive identities (i.e., optimization score > 60). This analysis confirms that the enzyme belongs to a unique subfamily of DNA/NAD-binding proteins with some short but interesting identities. One interesting feature is the presence of a putative nucleotide-binding fold similar to many DNA-repair enzymes. A comparison of ATP-requiring enzymes has lead to the suggestion (20) of a consensus nucleotide-binding fold consisting of an "A" site (Gly-Xaa4-Gly-Lys-Gly-Xaa6-Val) and a "B" site [Arg-Xaa2-3-Gly-Xaa3(hydrophobic)4-6-Asp]. Similar sites are observed in the NAD-binding domain of the polymerase (A site, residues 888-901; B site, residues 940-957). Another statistically significant identity (40% identity over residues 873-897; Z value = 10) is with the putative catalytic site of the ricin A chain (21) . This cytotoxic plant protein inactivates the 60S ribosome by cleaving the Nglycosidic bond of 28S rRNA residue adenosine-4324 in a hydrolytic fashion (22) . In part this similarity may reflect the presence of a consensus nucleotide-binding fold; however, this explanation does not completely account for the observed identity. We also detected a similarity to several nuclear transport signals (most significantly simian virus 40 large tumor antigen). This identity occurs in polymerase residues (219-226) that are located in a hydrophilic portion of a helix-turn-helix unit. Polymerase residues 361-416 also showed a slight homology (Z value = 5) with the product of NMYC. Since this region is just outside the DNA-binding domain of the polymerase, this identity may reflect some other feature of protein structure. Indeed these sequences share a resemblance to proline/glutamic acid/serine/threonine-rich sequences reported by Rogers et al. (4) to be involved in protein degradation. The polymerase also exhibits some slight homologies (Z values, 2-4) with a number of DNA-binding proteins such as DNA and RNA polymerases. The identities occur in two regions spanning polymerase residues 47-120 and 160-260. Consistent with a possible DNA-binding function, secondary structure predictions indicate these homologous regions in the enzyme exist as helix-turn-helix units. In addition, the -turn regions are rich in positively charged amino acids, suggesting DNA binding. The polymerase contains regions within the DNA-binding domain that are highly suggestive of a Zn2+ binding "finger" (18) . These sequences are of the form Cys-Xaa2-Cys-Xaa27-His-Xaa2-Cys (residues 21-56), His-Xaa2-Cys-Xaa5-HisXaa3-His (residues 53-66), and Cys-Xaa2-Cys-Xaa30-HisXaa2-Cys (residues 125-162 Chromosomal Location of the Human Gene. A 3.7-kilobase DNAs isolated from somatic cell hybrids described in detail (kb) full-length insert of the polymerase cDNA was used as previously (14) . A complex pattern of 2.3-, 5.3-, 6.4-, 6.8-, a probe for Southern analysis (Fig. 4) human DNA (Fig. 4, lane H) while 2.0-, 22-, and 24-kb or 1.2-, 2.3-, 2.9-, 10-and 11-kb cross-hybridizing fragments were found in CHO cell (Fig. 4, lane C) or mouse (not shown) DNAs, respectively. Based upon the distribution of specific hybridizing human bands found in different somatic cell hybrids, it was apparent that these sequences were located on at least three different human chromosomes (Fig. 4) .
Analysis of 95 human-mouse and human-hamster EcoRI digested DNAs with the 3.7-kb cDNA probe demonstrated that the 25-, 7.0-, 8.2-, 6.4-, and 2.3-kb fragments all segregate concordantly with human chromosome 1 and discordantly (.13%) with all other chromosomes (Table 1) . Similarly, the 5.3-kb and 6.8-kb sequences could be assigned unambiguously to human chromosomes 13 and 14, respectively. These results indicate that polymerase-related sequences are located on human chromosomes 1, 13, and 14, and this localization was confirmed by Southern analysis of HindIll digests of the somatic cell hybrid DNAs (not shown).
Examination of three hybrids containing spontaneous breaks involving chromosome 1 allowed regional localization of the polymerase sequences on this chromosome. One hamster-human hybrid retained most of the short arm (ip) including the gene for phosphoglucomutase-1 and the MYCL protooncogene but not the NRAS protooncogene or any long chromosome lp markers including NRAS but contained breaks proximal to the abl-related protooncogene at lq24-25. The polymerase sequences were absent from all three hybrids, indicating that they are located in chromosome lq or the short arm proximal to NRAS (lpll-1p22). The 6.8-kb EcoRI sequence was regionally assigned to chromosome 14ql3-q32 by similar methods. The human parental fibroblasts in one series of human-hamster hybrids contained a well-characterized 14; X(q32;ql3) translocation. Seven hybrids retaining the 14q32 translocation chromosome in the absence of normal chromosome 14 all retained the 6.8-kb sequence. In contrast, two hybrids retaining the reciprocal translocation chromosome did not contain this sequence. Three additional mouse-human hybrids containing a spontaneous break distal to the nucleoside phosphorylase locus NP and proximal to 14q32 also contained the 6.8-kb sequence. The three discordancies (Table 1 , column 4) with chromosome 14 were also informative for regional localization of the sequence. One was a hamster-human hybrid retaining part of the 14pterq32; Xql3-qter translocation chromosome with a spontaneous break distal to NP and absence of chromosome 14 sequences above this break point. This hybrid retained the 6.8-kb human sequence. Two mouse-human hybrids with breaks distal to NP also lost the 6.8-kb sequence. These combined results all strongly suggest that the polymerase sequence on chromosome 14 is located distal to NP (14q13) and proximal to 14q32. Both discordancies of chromosome 13 with the 5.3-kb sequence represented the presence of the hybridizing sequence and absence of esterase D activity. These hybrids were positive for three other sequences on chromosome 13, including two anonymous DNA segments from a chromosome-specific library and a calmodulin gene or pseudogene (O.W.M., unpublished data). These discordancies could be explained by differing sensitivities for detection of esterase D and the hybridizing DNA sequences or by spontaneous breaks involving this chromosome.
To determine whether the five hybridizing EcoRI fragments on chromosome 1 represented one or multiple genes, the probe was removed from the Southern blots, and they were hybridized sequentially with specific portions of the polymerase cDNA insert. Probe A was a 0.9-kb 5' fragment (Pst I-HindIII); B, a 1.9-kb 5' Pst I-Pst I fragment; C, an internal 1.2-kb predominantly 3' fragment; and D, a 1.6-kb 3' Pst I-HindIII fragment (Fig. 5) . The 5.3-kb sequence on chromosome 13 was detected with all of these probes, whereas the 6.8-kb EcoRI band on chromosome 14 did not hybridize with either of the 5' probes (A or B). In contrast, the different probes identified different EcoRI bands and series of bands on chromosome lq (Fig. 5) . We conclude that the polymerase probes identify a single gene on chromosome lq, and this analysis allows the cluster of EcoRI fragments to Biochemistry: Cherney et al.
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Biochemistry: Cherney et al. 5 .3-kb sequence (P1) or 6.8-kb band (P2). Detection of each sequence or group of sequences is correlated with the presence or absence of each human chromosome in the somatic cell hybrids. Discordancy indicates the presence of hybridizing sequences in the absence of the chromosome or absence of the hybridizing bands despite the presence of the chromosome; the sum of these numbers divided by total hybrids examined (x 100) represents percent discordancy. The human-hamster hybrids consisted of 26 primary clones and 15 subclones, and the human-mouse hybrids contained 13 primary hybrids and 42 subclones. The 5.3-kb and 6.8-kb human poly(ADP-ribose) polymerase sequences were detected in 35 and 54 hybrid cell DNAs, respectively. be ordered as follows: 5' flank-25 kb-7.0 kb-8.2 kb-2.3 kb-6.4 kb-3' flank (Fig. 5) . The 6.4-kb band (not shown in Fig. 5 ) was identified with the 3.7-kb full-length probe (Fig.  4) but was not detected with the other probes described. This suggests that the 6.4-kb band shares identity with cDNA sequence 3' of the second HindIII site. The cDNA contains no EcoRI site at the junction of the 7.0-and 8.2-kb fragments, and this site must occur within an intron. Any fragments that are exclusively intronic would not be detected with the cDNA probes. We interpret these results to suggest that a large (.18-42 kb) functional gene is located oti chromosome 1q, and the sequences on chromosomes 13 and 14 most likely represent processed pseudogenes.
Peripheral DNAs from 10 unrelated individuals were digested with restriction endonucleases, and Southern blots were hybridized with the cDNA probes. Several simple two allele polymorphisms (RFLPs) were detected including 2.6-kb and 2.9-kb HindIII alleles (0.12:0.88 frequencies) on chromosome 13. RFLPs were also detected with Pst I, Sst I, Taq I, and Msp I (not shown) but chromosomal localization of each of these RFLPs is incomplete.
The poly(ADP-ribosylation) of nuclear proteins represents an important modulation of chromatin structure in response to DNA strand breaks during various biological processes such as DNA repair or replication. The identification of the locus for the functional gene and construction of an EcoRI restriction map of this locus provides a strategy for cloning the active gene. Additionally, identification of the specific RFLP will permit an evaluation of the potential role of this gene in various DNA-repair diseases.
Note Added in Proof. The following corrections in the sequence in Fig. 2 
